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Pulmonary lymph flow and the uptake of liquid from the lungs of the lamb at the start of breathing. J. Physiol. (London) Antenatal glucocorticoid treatment reduces the incidence of HMD in premature infants (1 5) and accelerates the appearance of pulmonary SAM in experimental animals (7) . The expanding use of corticosteroids in the perinatal period has raised serious concerns regarding possible deleterious effects on the developing brain. Reports in human infants (8, 24, 25) have been inconclusive.
Another controversy regarding the immature brain has been the interpretation of sudanophilic lipid-containing glial cells (not macrophages) which are almost constantly found in the unmyelinated telencephalic white matter of human premature infants. Some investigators ( 14, 18, 19) have considered these cells to be pathologic, the result of hypoxia or other stresses in the perinatal period, and termed "glial fatty metamorphosis" (14) . Others (17, 26) regard them as nonpathologic, but the normal precursors of myelination.
During the study of maternal dexamethasone administration on experimental HMD in the premature monkey (12), we had the opportunity to examine the brains of these animals for evidence of acute neuronal and glial damage which might be attributed to the glucocorticoid, and to determine the relation between sudanophilic lipid accumulation and the degree of hypoxia.
MATERIALS AND METHODS
Details of the experimental procedure have already been reported (12) . Briefly, at 72, 48, and 24 h before delivery by caesarian section at 135 & 1 d gestation, each dam received an intramuscular injection (0.5 ml/dose) from a numbered vial containing either dexamethasone (4 mg/ml) or saline. There were 12 animals in each group.
After delivery, each baby monkey was resuscitated as necessary, a tracheostomy was performed, and the animal ventilated on a small animal ventilator (Harvard Apparatus, Millis, MA) at 30-40 breaths/min and administered 100% oxygen. Arterial blood gas tensions and pH were monitored, and Pao2, Paco,, and pH were maintained in the normal ranges. Each animal was sacrificed at 3 h of age by IV injection of sodium pentobarbital.
A R D score for each animal was determined on the basis of 1) the degree of respiratory distress noted before tracheostomy and mechanical ventilation, 2) the Pao2 at 2 h of age and 3) the interpretation of a chest radiograph at 2l/2 h of age. Severe HMD corresponded to a score of 1, whereas the maximum possible score of 9 indicated normal pulmonary function by all three assessment measures.
Immediately after sacrifice the lungs, liver, and brain were removed in that order, and the brain was weighed and then fixed bv immersion in buffered formaldehvde. After fixation for 7-10 dj the brain was reweighed. The cerebral hemispheres were cut coronally, and the brainstem and cerebellum horizontally. Multiple sections of the cerebrum, brainstem, and cerebellum were embedded in gelatin, sectioned on a freezing microtome, and stained with oil-red-0 and hematoxylin for sudanophilic lipids and myelin (3) . Additional sections of the cerebrum (including the hippocampus) and of the cerebellum were embedded in paraffin and stained with hematoxylin and eosin, then examined for shrunken, darkly staining or eosinophilic neurons with pyknotic nuclei. The amount of lipid accumulation for each animal was expressed as the total of the scores in each of these sites, with the minimum possible being 0 and the maximum 44.
The degree of myelination in the same sites was estimated as suggested by Gilles et al. (9) : 0, no myelin; 1, myelin visible microscopically only; 2, myelin just visible grossly; and 3, grossly obvious myelin. The degree of myelination for each animal was expressed as a total of the scores in each of these sites, with the minimum possible score being 0 and the maximum 33.
RESULTS
The extent of HMD expressed as RD score, the brain weights, the presence or absence of shrunken and pyknotic neurons in the hippocampus and cerebellum, the numbers of sudanophilic lipid-containing glial cells, and the degree of myelination are summarized in Tables I and 2 .
Brain weight. The fresh brain weight in the treated animals ranged from 34.0-57.5 g with a mean of 46.4 f 7.9 g (1 I animals). In the control group, the range was from 37.0-53.2 g with a mean of 44.8 -+ 5.1 g ( I 1 animals). There was no significant difference between the two groups, and there was no correlation between brain weight and R D score.
Shrunken, pyknotic neurons in the hippocampus and cerebellum. Grossly, no abnormality was seen in any of the brains externally or after sectioning. Sections of both the hippocampus and the cerebellum stained by hematoxylin and eosin were available for 20 animals (1 1 treated, nine untreated) and hippocampal sections only for the other three animals. No definite abnormality was found in the cerebellum of any of the animals, particular attention being paid to the Purkinje cells.
Shrunken, darkly stained, pyramidal neurons were present in the hippocampus of three treated and two control animals. Not only were the cell bodies of these neurons shrunken and darkly staining, but their nuclei were pyknotic and the nucleoli could not be identified. They were located most commonly in the footplate of the cornu ammonis or in the subiculum. Neurons in the other cortical regions or in the basal ganglia and thalamus, which were also included in the same section, showed no such change.
The R D scores of these animals were 4, 6, and 9 in the treated group, and 3 and 4 in the untreated. In both groups there were other animals with equally low or lower R D scores with no histologic abnormality.
Sudanophilic lipid accumulation and the degree of myelination.
There were 19 animals in which this could be adequately evaluated (eight controls, 1 I treated). The lipid-containing cells were present in the white matter and all appeared to be glial. Many of these cells were spindle-shaped or had multiple cellular processes with the lipid droplets outlining these processes. No macrophagelike, large, round, lipid-filled cells, or focal areas of necrosis of the white matter were found in any of the animals.
Although the total number of lipid-containing cells varied somewhat among the animals, such cells were present in at least some of the sites examined in all the animals in small numbers; these varied from a score of 0.5-1, and most frequently were found in the corpus callosum. The range of total numbers of these lipid-containing cells in the various sites was greater in the treated animals (2.5-8) than in the controls (5-7.5); but the means were not different (6.6 versus 5.7). When this score was compared with the RD score, there was no correlation. Of the four treated animals with scores of 8 and 8.5, the RD scores ranged from 4-7. Although the animal with an RD score of 9 had a lipid cell count of only 3, the animal with the lowest RD score had a lipid cell count of 2.5. In the control group, similar variations were seen: the animal with the best RD score (8) had the highest lipid cell count (7) . In four of the five animals with shrunken neurons in the hippocampus, counts of lipid-containing cells were also available. In two, the lipid cell count was 6 and 9 but in the other two animals it was only 2 and 3; thus, there did not appear to be a definite relation between these two parameters.
The degree of myelination could be evaluated in 11 treated and eight control animals and no difference was found in the total score (mean, 2.6 versus 2.3). In most sites there was no detectable myelin (score 0) and the lipid score was usually 1, except in the fornix and the cingulum where sudanophilic lipids were usually absent. When myelination was detectable, the most common score was 1, and the lipid count was also 1. The most advanced myelination scores were in the internal capsule and optic tract, where the most common values were 1 and 2. The highest lipid score of 2 occurred in these two sites in three animals. In the treated animals there was a tendency for the total lipid cell count to be higher in those with the lowest myelination score, but such a relationship was not obvious in the control animals.
DISCUSSION
This is the first neuropathologic report on the possible deleterious effects of glucocorticoids on the developing nervous system and on the sudanophilic lipid-containing glial cells in groups of experimental animals in which respirations were carefully supported, and in which the blood gases and chest x-rays were carefully monitored. Most of the previous studies which reported harmful effects of glucocorticoids on developing animals were carried out in mice and rats, in which impaired central nervous system development occurred (24) . Weichsel (25) reported immediate inhibitory effects on brain cell division and differentiation as determined by reduced DNA content, which was followed by latent or long-term physiologic and behavioral effects. More recently, similar studies have been carried out in subhuman primates. Fetal monkeys given 1.3 mg dexamethasone via a maternal transabdominal percutaneous approach every other day for three doses beginning at 110 d gestation had significantly lower brain weights at 150 d (5). Johnson et al.
(1 1) reported a significantly smaller median head circumference (P < 0.005) in offspring of mothers treated with betamethasone (2 mg/day for 13 d). The only microscopic description of brain findings is a single sentence in the report from Epstein et al. (6) , who described "shrunken and densely stained cortical neurons with gliosis." The sites at which these changes were found were not specified, but such abnormal appearing neurons may be artifacts of fixation (1, 2, 13). The mothers had been treated with two doses of betamethasone at 48 and 24 h before delivery at 135, 140, and 142 d gestation. It is difficult to believe that gliosis would develop so rapidly in these animals.
Reports in human infants have been even more variable ( 5 , 24). Fitzhardinge et al. (8) found no difference in rate of growth and developmental quotient at 1-yr follow-up in 12 infants who had been treated with hydrocortisone in the neonatal period, but, there was a significant lowering of the gross motor development in the treated group. At 5 yr of age, survivors of the initial study of antenatal steroid administration (15) showed no deficit in cognitive development (16) . Taeusch (24) and Weichsel (25) found no documentation of adverse effects from such treatment in humans.
We decided to examine the cerebellum and hippocampus in our animals because these regions are generally considered to be particularly vulnerable to a number of toxic and hypoxic conditions. Interestingly, the hippocampus was shown to be the site of intense localization of corticosterone, at least in the rat (4). We found shrunken neurons with darkly staining cell bodies and pyknotic nuclei in the hippocampus of three steroid-treated and two untreated animals, either in the foot-plate of the cornu ammonis or in the subiculum. These changes, therefore, do not appear to be attributable to the maternal steroid treatment alone. It is also not likely that hypoxia due to respiratory distress was responsible because we were able to maintain the Paoz at greater than 40 Torr with the use of 100% oxygen in all animals and the RD scores in these animals were not particularly low; indeed, the RD was normal in one animal. Furthermore, other animals with even lower RD scores did not show similar changes.
The interpretation of dark shrunken cortical neurons has always been a problem in neuropathology. In human neuropathology, such neurons have traditionally been considered to reflect an "acute reaction," usually to anoxia or ischemia (10); however, identification of such acutely damaged neurons, whether due to hypoxia or to some toxic agents, is critically dependent on satisfactory fixation because some of these changes may be confused with certain types of artifacts (1). Koenig and Koenig (13) pointed out the frequent occurrence of shrunken cortical neurons, particularly near the cortical surface, with immersion fixation of the brain. Cammermeyer (2) described similar changes at sites of trauma during removal of the unfixed brain. He showed that such neuronal changes could be avoided if the brain were fixed in situ by vascular perfusion before its removal.
It appears that in our animals the presence of these altered neurons cannot be attributed either to the glucocorticoid administration to the mother or to the hyaline membrane disease in the infant. A similar reservation seems to be justified in the animals reported by Epstein et a/. (6) . Whether these changes are merely artifacts produced at the time of brain removal or are reflections of other toxic or hypoxic events is more difficult to determine, but the manner in which the brains were handled before fixation and the lack of correlation with RD scores or treatment with steroids strongly suggests that these changes are probably artifactual. Although oxygen delivery to these particular sites may have differed between animals, such regional blood flow measurements could not be carried out.
Sudanophilic lipid droplets in glial cells in the unmyelinated cerebral white matter of human infants have been viewed by some to be the result of perinatal hypoxia (14, 18, 19) whereas others have regarded them as normal precursors of cerebral myelination (17, 26) . The discovery of similar lipid accumulations in the brains of infant subhuman primates, made hypoxic and acidotic by manipulating the maternal blood pressure (22, 23) , and in foci of spontaneous periventricular leukomalacia (21) , appeared to support the first interpretation. But, further observations in a number of normal monkey fetal and infant brains indicated that sudanophilic lipid droplets are also a common occurrence in these animals (20) . In the present group of treated animals, the total number of lipid-containing cells appeared to have an inverse correlation with the degree of myelination in the same sites.
Sudanophilic lipid-containing cells were present in some areas in all 18 animals in which appropriately stained sections were available. Although their total numbers varied, there was no correlation between the RD score and the numbers of lipidcontaining cells. If the lipid accumulations in these animals were due to hypoxic stress, as we had originally hypothesized (22, 23) , we would have expected to find larger numbers of such cells in animals with the lowest R D scores. It should also be noted that there was no correlation between the numbers of these cells and the presence or absence of shrunken pyknotic neurons. Comparison of the number of lipid-containing cells to the degree of myelination could not be adequately assessed because the latter varied only between 0-1 in most sites; however, in the optic tract, in which the degree of myelination ranged from 1-3, the highest lipid score of 2 was found in two animals with a myelination score of 1, and lower lipid scores of 0 or 1 were found when myelination was further advanced.
CONCLUSION
From all of these considerations, the following conclusions appear to be justified. I) No acute adverse effect on fetal brain development can be found after the administration of glucocorticoids to pregnant subhuman primates in doses analogous to those given to prevent HMD in human infants. 2) Sudanophilic lipid droplets in glial cells in the unmyelinated cerebral white matter are not correlated with the degree of hypoxia in these animals, and may represent a normal stage in the formation of myelin as the scores in the optic tract suggest; however, determination of these values in animals of varying gestational ages is necessary before this point can be f i h l ; established. Sudanoohilic lioids mav be found in dial cells in the developing subhuman ceribral white m k e r under two circumstances: in glial fatty metamorphosis and as a precursor of normal myelination. The distinction between these two circumstances may depend on the exact identification of the lipidcontaining cells.
